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Abstrod 


A  tumwl'dlode  down  converter  designed  and  developed  for  conversion  from 
X-band  frequencies  to  UHF  has  proved  that  low  noise  figures  are  possible,  when 
a  forward  bias  voltage  is  chosen  in  the  first  region  of  the  I-V  chsracterlstic  of 
the  tunnel  diode  so  that  the  conductance  is  positive.  When  a  sufficient  local- 
oscillator  voltage  can  drive  the  ^>erating  point  into  the  negative-resistance  region, 
the  tunnel  diode  down  converter  exhibits  a  conversion  gain  and  a  noise  figure  3  to 
4  db  lower  than  attainable  with  converters  having  common  diodes.  With  a  local 
oscillator  frequency  of  8. 33  kMcps  and  an  IF  of  30  Mcps,  an  average  noise  figure 
of  4. 5  db  was  measured.  For  mismatched  conditions  of  the  iiq>ut  admittance,  a 
generator  conductance  of  2  mhos  was  advantageously  chosen  in  order  to  get  a 
low  noise  factor  and  high  gain.  A  microstrip  line  transformer  was  used  to  estab¬ 
lish  the  high  generator  conductance. 

The  measmred  noise  figure  of  an  inq>roved  second  device,  similar  to  the 
first  one.  was  3.0  db. 

The  experimental  devices  are  of  attractively  small  sise. 
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Exp«rim«ntal  Tunntl-Diod*  Conv*rHir  for  Convonien 

of  X-Bond  Froquondos  to  UHF 


1.  INTRODUCTION 

As  yet  it  has  not  been  possible  to  convert  a  microwave-frequency  stgnal  to  an 
UHF  signal  with  conuntm  mixer  crystals  while  achieving  low  noise  and  high  gain. 
Down  converters  with  this  type  of  diode  crystal  have  shown  an  average  conversion 
loss  of  6  db.  Other  kinds  of  down  converters  such  as  parametric  converters  have 
poor  noise  figures  because  of  the  involved  ratio  of  iiqmt  frequency  to  output 
frequency. 

The  main  feature  of  a  tunnel-dtode  down  converter  is  the  low-noise  conversion 
of  high-frequency  signals  witti  a  substantial  conversion  gain  at  the  same  time. 

Noise  figures  of  tunnel-diode  down  converters,  which  are  operated  on  the  positive 
resistance  side  and  driven  by  a  pump  frequency  over  a  maximum  of  current  into  the 
negative  resistance  region,  are  usually  3  to  4  db  better  than  those  of  any  other  mixer 
diodes. 

As  far  as  frequencies  are  concerned,  down  converters  with  tunnel  diodes  have 
been  operated  until  now  widt  frequency  ratios  of  2800  Mcps  to  SO  Mops,  and  noise 
figures  of  3  to  4  db. 
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1.  ■QOIVAIJPIT  MW  OOWDPCTAIKH  O, 

The  noiee  is  the  remit  of  only  the  cnrrenl  flow  through  the  tunnel  diode, 
end  ia  therofhre  •  shot  noim. 

Stnce  the  nonlinearity  of  e  resistance,  rather  than  a  reaetanee,ia  utlllaed  for 
the  conrersloo.  involved  freqneney  ratios  are  eliminated.  The  equivalent  ahot 
noisa  conductance  la 

Oe-^.  (1) 

where 

•10 

e  -  electronic  charge  ■  1. 6  X  10  coulomba 
-  tunnel-diode  currant  at  dc  bias 
k  ■  Boltimaxufa  constant  ■  l.asoddxio'^^  Joulea  deg~^ 

T  ■  ambient  temperature.  390% 


3.  OKMBRAimi  CONDUCTANCE 

In  eafaibiting  a  low  nolae  figure  an  important  fhctor  is  die  generator  conduct¬ 
ance  Gg  [Figure  1  and  Eq.  (3)  jwhlch  has  to  be  large  in  order  to  make  all  the  ratioa 
wltti  Gg  in  the  noise  figure  Eq.  (3)  tow. 


F-1  + 


X 

T,. 


(8) 


In  this  equation 

T  -  ambient  temperature 
Tg  ■  reference  tenqieraturs  (390%) 

O-  ■  equivalent  ahot  noise  conductance  of  the  tunnel  diode 

Og  ■  generator  conductance 

O  j  ■  loss  conductance  of  the  signal  circuit 

O2  ■  loss  conductance  of  the  IF  circuit 

Oj^  ■  load  ocnductance 

Oj  -Gi  +  OgfO^ 

®3  -03*°L*°o 
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Og  ■  liMar  conduetuee  of  tfao  tumMl  dlodo  at  blaa  potnt 
>  nonaaliaad  eonvaratoD  fain  ■ 

X  ■  B  wf  ■  gain  paraiaatar 

if  ■  eoafneiant  of  noidliiaaritjr 
Vg  ■  voltaga  of  tha  local  oaefllator  firaqjiMiioy 


Figure  1.  Sehetnatic  Diagram  of  the  Tunnel  Diode  Converter  Circuit 


Aa  K.  K.  N.  Chang  haa  pointed  out,  ^  low  nolae  flgurea  are  poaaible  with  hi^ 
gain  when  the  generator  conductance  O.  ia  mlamatched  to  the  admittance  of  the 
Uqiut.  In  thia  caae.  the  bandwidth  will  M  email  and  the  atabillty  aenaltlve  to 
changea.  The  atabillty  can  be  In^moved  by  approaching  matched  condittona  if  one 
ia  willing  to  accept  higher  noiae  figurea  and  lower  eonveraian  gain.. 


4.  CBORI  or  TUMNIL  iacx» 

For  radiometera  and  other  receiving  devicea  where  low  noiae  ia  deairatalc. 
it  would  be  helpM  to  know  die  loweat  noise  figure  of  a  tunnel  diode  oonverter  for 
converting  X-band  frequeneiea  to  90  Mcpa  when  the  tunnel  diode  is  operated  on  die 
positive  resistance  side  in  the  first  region  near  the  peak  current  of  die  I-V  <diar~ 
acterlstic  (Figure  2).  The  particular  X-band  frequency  was  f ^  ■  8. 39  klieps. 

The  tunnel  diode  chosen  as  best  for  this  purpose  was  a  Sjdvania  tunnal  diode 
D  4168  D. 

The  characteristic  values  of  this  tunnel  diode  are 

-R^  ■  590  Ip  ■  2.4  ma 

r^-l.SO 

C-1.2ppf  f^  -  10.02  kllbps 

-  0. 15xl0"®h 
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FigHT*  I.  I-AT  Ctanelariatte  of 
a  TobooI  Oiodo  OMdod  late  ttM 
Firotaad  Saooad  Koftoa 


S.  PROPIR  CBOICI  or  OEMIRAIOR  COMDUCTAMCI 

When  an  operating  point  at  on  the  poaltlve  realatance  aide  of  the  flrat 
region  of  the  I- V  charaeterlatlc  la  choaen  (Figure  3).  the  currenta  of  the  three 
frequenclea  are 

(S) 

Setting  the  aecond  equation  in  Eq.  (3)  equal  to  aero  one  flnda 


II  •  V,C,  -  V,  , 

and  If 


n-M-i  62  1 


4!^yl 

g  -?  ■  X.  which  la  here  the  gain  parameter, 

O1G2 


or 


Ij  ■  VjOi  (1-X)  , 


(4) 


There  are  two  condltiona  one  can  eatabliah,  namely,  matched  and  mla- 
matched  condltiona. 

Conaidering 

^1  "Tj 


(5) 
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which  is  ttM  input  ndnaittanen,  than  T|  in  eonapoMd  et  tiM  •nMrulor  eonduetiM* 
Qg  “<*  Oin* 

Thus 

Yi-Og+Oin  W 

or 

Qin-Yi-o,.  m 

It  foUows  from  Bqh.  (8)  sad  (7)  that 

Ojn  -  Gi  ( 1  -X)  -Oj  -  KjOj  .  (8) 

If  in  Eq.  (8)  ths  coiqiUng  tector  >  1  , 
then 


Ota  •  Oj  .  (9) 

end  matched  conditioas  are  established.  For  this  ccndltion,  tbe  bandwidth  could 
be  made  wide  but  die  gain  would  be  low  and  tbe  noise  teetor  hl^.  For  this  reason 
matched  conditions  are  not  used  in  the  experimental  deelee. 

Further  consideratioa  of  Bq.  (8)  shows  that,  if  it  is  oolwod  for  then 


(10) 
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and  If  Eq.  (10)  ia  substitutad  into  ttxa  noiae  factor  Bq.  (2) 

1  +  K, 

•••“ 

The  ndae  factor  will  be  mlplaum  for  ■  1  and  X  ■  0. 5.  An  evaluation  of 
Bq.  (11)  glvea 

^  *  (b'.lfo.s  -  9  Pf  ■».»««> . 

which  ia  iq>praximately  the  loareat  poaalhle  noiae  factor  for  natohed  oonditiona. 

But  noiae  factora  of  0.  Sdb  can  alao  be  achieved  for  the  aante  converaion  with 
common  diodea.  With  thia  type  of  diode  the  diaadvaatafe  will  be  the  aocompanylnc 
loaa  whereaa  the  tunn#!  diode  down  converter  operatln(  under  matched  condltiona 
ahowa  a  amall  converaion  fain. 

In  order  to  achieve  lower  noiae  tectora  with  tunnel  diodea  in  the  converter 
under  conaideration.  it  ia  noceaaary  to  eatabliah  mlamatched  condltiona. 


6.  lOSMATCHED  coMDirmnoi 

To  eatabliah  mlamatched  ctmditiona,  the  coiqslln(  factor  can  be 
-l<Kj<0 

and  the  gain  parameter  X  high. 

With  a  choaen  conqdlng  &ctor  «  -0. 891  and  X  -0. 89 167  one  obtaina 

G..-0  -  0.0125X160 >2 mhoa  . 

«  ®  K^t^X 

The  high  generator  conductance  ■  2  mhoa,  however,  can  only  be  achieved 

by  meana  of  a  tranaformer  between  the  much  lower  conventional  conductance  of  the 

coimling  waveguide  0_  and  O.  (Figure  4). 

"  •  2  4 

Thia  tranaformation  waa  realiced  by  uaing  a  microatrip  line  '  in  which  the 

tunnel  diode  waa  covered  within  a  dielectric  between  a  ground  plate  and  a  conductor 

repreaentiiig  a  tranaformer. 
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} 

Figure  4.  Schematie  Circuit  of 
Tranaformer  for  Cooveraion  of 
G,toG^ 

J 

■ 

IH 

S - 

7.  mcnosnup  LIMB 

In  a  teat  aetup,  the  requirement  of  a  traaaformer  waa  aatlafiad  by  uaiaf  a 
tapered  conductor  with  three  aeetlona  of  3/4  wavelength.  The  mlcroatr^  Una 
waa  coupled  to  the  waveguide  piece  uaing  a  probe.  The  dielectric  material  waa 
1/16  inch  pleadglaaa  with  a  dielectric  conatant  c  -  2. 6.  A  variable  plunger  pro¬ 
vided  a  ahort  circuit  between  the  ground  plate  and  the  conductor  in  order  to  eatab- 
liah  the  right  cooductance  point  (Figure  5).  The  ground  plate  waa  2  inchea  wide. 

Generally,  the  characteriatlc  inqiedance  can  be  determined  by  die  equation 

For  Inatance,  with  w j  « 0. 93  in. ,  h> 0.0625  in.,  ande«3.6,  then 


•aovae  etaTc 


Figure  5.  Idicroatrip  Line  with  the  Tunnel  Diode  at  die  End  of 
the  Third  3/4X  Tranaformer  Section 


In  order  to  eatabUah  the  right  mlamatched  conditiona  die  tunnel  diode  had  to 
be  placed  at  a  diatance  Ij  from  the  ahort-circuit  point  (Figure  6)  where  the  high 
generator  conductance  of  2  mhoa,  correapoodlng  to  the  low  generator  Impedance 
Z^of0.5Q,  exiata. 
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Figures.  Third  3/4X8«ott<»  of 
Truisforinor  with  Tunnel  Diode 
Near  the  Bnd  of  the  Line 


Beceuee 

1, 

Z^- jZjjten  8600. 

itU 


Then 


(IS) 


Obviouely.  ttaia  value  ie  much  emaller  than  the  diameter  of  the  tunnel  diode 
itself,  so  that  a  proper  adjuatntent  near  the  short  circuit  is  impossible. 

The  length  1^  was  made  variable  by  means  of  a  rotatable  {dunger  which  could 
provide  a  short  circuit  X/2  away  from  the  tunnel  diode  (Figure  Tg).  The  second 
device  with  a  similar  transformer  was  so  desifned  that  the  tunnel  diode  was  at  the 
X/4  point  of  the  third  3/4X  section  (Figure  7)i). 


Figure  7.  Third  3/4X  Section  of  Transformer  widi  Tunnel  Diode 
a) at  the  Bnd  cf  this  Section  and  Plunger  at  the  Bnd  of  an  Added  X/3 
Simtion;  b)  at  the  X/4  Point  and  Plunger  at  the  Bnd  of  the  S/4XSeetion 


In  this  way,  it  was  possible  to  find  a  point  at  which  die  noise  factor  was  a 
minimum.  In  the  case  of  X  ■  0. 44  in. ,  the  8/4X  sections  had  a  length  of  0. 66  in. 
and  the  X/3  piece  had  a  length  of  0. 708  in.  The  different  widths  of  the  3/4X  sec¬ 
tions  were  Wj«0. 32  in..  W2*0.38ia.,  and  Wg« 0.03  in.,  and  the  respective  char¬ 
acteristic  impedances  Zg^  -  610.  Zg^  «  38,20,  and  Zq^  ■  15.70. 
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9.  TB8T8ETUP 

The  whole  tunnetdiode  down  converter  hec  been  designed  to  a  apeoe  eC  S  1/9 
by  9  In.  but  cotild  have  been  ahortened  in  length  by  using  X/4  transformers.  Da 
comparison,  a  balanced  down  converter  with  normal  crystals  for  X-band  Aretiiisn- 
cies  occupied  an  area  of  about  14  by  7  in. 

The  tunnel  diode  down  converter  is  shown  in  five  photogr^ths.  The  first 
photograph  shows  the  front  view  where  the  converter  is  mounted  on  a  piece  of 
X-band  waveguide.  Note  especially  in  the  second  photograph  the  adapter  for  IP 
output.  Then  a  perspective  view  of  the  converter  shows  the  hole  in  die  piece  of 
waveguide  where  the  coupling  probe  of  the  transfornter  is  ipjected.  The  last  two 
phatogri4>hs  show  the  converter  with  other  instruments  used  to  measure  the  noise 
figure. 


9.  IP  OUTPUT 

Success  in  reaching  good  noise  figures  and  (grating  at  X-band  fie<iuencies 
lies  to  a  great  extent  in  the  proper  design  of  die  inner  insulated  pin  of  the  adi^ter, 
fts  tapered  head  has  to  provide  the  lowest  possible  parallel  capacitance  to  the 
diode.  The  adapter  also  provides  series  capacitance  to  ground  to  short  circuit 
RP.  Figure  12  shows  in  enlarged  form  the  arrangement  used  in  die  experimental 
device. 

The  30  Mcps  IF  was  filtered  out  by  an  IF  preamplifier  with  a  noise  figure 
of2db. 


10.  CALCULATION  OF  NOISE  FIGURE 


The  linear  conductance  was  chosen  at  a  dc  bias  point  where  80  ohms. 
Now  for  calculating  the  noise  figure  we  have; 


G_  ■  20  X  I  =  0. 039  mho 
e  o 

«  2  mhos 

G,  «  G„  + G„  «2.0125  mhos 
I  g  o 

Kj  •  -0.891 

Then  the  normalized  conversion  gain  is 


B  0.0125  mho 
o 

0,02  xnho 

G»  >  Or  G_  ■  0.0826  mho 


304  pr 


10 


re  8.  Front  '\^ew  of  Microetrip  Line  of  the  Tunnel-Diode  Down 
'erter  Mounted  <m  a  Piece  of  Waveguide  for  X-Band  Frequencies 


Figure  10.  Perspective  View  of  Tumsel -Diode  Down  Converter 
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The  other  values  In  the  noise  factor  Eq.  (2)  are 


7^  =  0.0195  . 

Gg  2 


.  S.p  .  0.02S  , 


^  _  2Jim  _  62  flnrt  _ 1 

Gj-  0.0325  -^2.  and  .,) 


=  1.1 


Substituting  these  values  in  to  the  noise  figure  Eq.  (2)  and  assuming  that 
G .  and  Go  are  zero  with  -s^  >  1.  the  noise  figure  is 

F  »  l  +  [o. 0195+  0.029x62x1. l]  -2,997  pr  =  4.8db. 

11.  CALCULATION  OF  BANDWIDTH 

The  calculation  of  the  bandwidth  can  be  followed  from  the  assunq>tion  that 
G^  and  G2  also  equal  to  zero.  The  bandwidth  is  2  Af^  «  B^f^  . 


The  relative  bandwidth  B,  -.ts® - • 


(U) 


Known  are 


«  =  52. 3  X  10  cps 

-1.6  ppf 

-  2.0125  mhos 


u  2  °  188.  4  X  10°cps 
C2  '  100  ppf 
G2  -  0. 0325  mhos 
?(.  =  304  pr 


Then 


^1  = 


“1^1 


=  0.041 
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c  =  ^  ^  =  387C 

Qi“2 

®1  °  17.4  X3879  X 0.041 ' 0-000361  • 

Therefore  the  bandwidth 

Bjf  j  =  0.00036 1  X  8. 33  X  10®  =3  Mcps  . 

12.  CONVERSION  GAIN 

The  conversion  gain  can  be  calculated  from  the  equation 


where 


“1^1 


0.0837 


0.0418  and  Q. 


“2^2 


0.01884 

OF 


=  0.942 


Then 


«c  =  ®°*  b-?^!8Vo.942  =  191  Pr  =  22.8  db. 

la.  NOISE  FIGURE  MEASUREMENT 

In  the  first  device  two  D4168D  tunnel  diodes  were  tested  for  a  noise  figure 
measurement  (Figure  13).  Each  diode  gave  a  noise  figure  of  4.  5  db. 

The  total  noise  figure  is 

(F,  -  1) 

_  m  _i.  _ * _ _ 


(16) 


18 


where 

Fj  =  noise  figure  of  the  tunnel-diode  down  converter, 

Fg  =  noise  figure  of  the  preamplifier  (2  db  =  1.  585  pr), 
g^  =  conversion  gain  of  the  tunnel-diode  down  converter. 

(F, -1)  1.585  -1 

_1_=  2.818- 

=  2.818  -0.003  =  2.815  pr 
=  F^  =  4.5db. 

The  noise  figure  of  the  tunnel-diode  down  converter  differs  very  little  from 
the  total  noise  figure  because  of  the  high  conversion  gain.  The  stability  of  the 
down  converter  for  Fj^  =  4.5db  was  very  good  while  lower  noise  figures  of  3.5db 
gave  rise  to  instability.  Then  the  bandwidth  is  much  smaller.  When  the  down  con¬ 
verter  breaks  into  oscillations  the  bandwidth  becomes  zero.  The  combination  of 
bandwidth,  gain,  and  noise  figure  give  a  measure  of  stability.  The  noise  figure  of 
the  improved  second  device  was  3.0db. 


Then 


Fi  = 


14.  TUNNEL-DIODE  DEGRADATIOM 

Testing  the  first  device  of  the  converter  it  was  discovered  that  both  Sylvania 
D41680  tunnel  diodes,  which  are  germanium  diodes,  changed  their  electrical 
characteristics  after  daily  operation  of  a  few  hours  over  a  week  until  they  finally 

Q 

lost  their  tunneling  property.  A  report  from  RCA  about  degradation  on  gallium- 
arsenide  tunnel  diodes  notes  that  a  change  in  electrical  characteristics  occurs 
when  operated  in  the  forward  injection-current  region.  The  presence  of  copper 
impurities  that  act  as  recombination  centers  and  result  in  degradation  has  been 
found  in  such  gallium-arsenide  tunnel  diodes.  Therefore,  it  is  conceivable  that 
quite  a  similar  effect  of  degradation  has  taken  place  on  those  two  D41680 
germanium  tunnel  diodes  tested  as  down  converters.  The  third  D4168D  tunnel 
diode  tested  in  the  improved  device  did  not  show  such  degradation  effects . 


15.  CONCLUSTON 

The  information  given  in  this  report  can  only  be  considered  as  a  narrow 
introduction  to  a  broad  subject.  It  has  been  shown  that  low  noise  figures  of 
4.  5  db  and  recently  3 . 0  db  are  possible  when  converting  X-band  frequencies  in 
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tunnel-diode  converters  to  30  Mcps  while  also  obtaining  a  conversion  gain.  There 
seems  to  be  the  possibility  of  achieving  similar  values  of  low  noise  figure  for 
K-band  conversion  by  tunnel  diodes  with  adequate  higher  self-resonant  frequencies. 
A  possible  restriction  of  bandwidth  could  be  avoided  by  using  cascade  circuits 
which  could  Increase  the  bandwidth  in  the  first  stage  about  8  percent. 

It  is  to  be  expected  that  the  degradation  of  tunnel  diodes,  operated  in  the  injec¬ 
tion  current  region,  might  be  reduced  in  the  near  future. 
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